TolC and its homologues are outer membrane proteins that are essential for the transport of many molecules across the cell envelope. In this study we characterized the gene encoding Vibrio cholerae TolC. V. cholerae tolC mutants failed to secrete the RTX cytotoxin, were hypersensitive to antimicrobial agents, and were deficient in intestinal colonization.
Cholera is an acute intestinal infection that is characterized by a profuse watery diarrhea which can quickly lead to dehydration and death. The causal agent for the disease cholera is Vibrio cholerae, a gram-negative bacterium often found in aquatic environments. Cholera is acquired by the ingestion of water and food contaminated with V. cholerae. Upon entering the host, V. cholerae colonizes the small intestine where it produces several virulence factors. Cholera is endemic in many parts of the developing world, including India, Asia, Africa, the Mediterranean, South and Central America, and Mexico. Epidemic cholera can occur when conditions of poor sanitation, crowding, war, and famine are present. In 1998, a total of 293,121 cases of cholera resulting in 10,586 deaths were reported to the World Health Organization (36) .
The expression of many V. cholerae virulence factors is coordinately regulated in response to environmental factors via the ToxR, TcpP and ToxT regulatory proteins (21, 24) . ToxR functions in conjunction with TcpP and ToxT to activate the expression of toxin-coregulated pilus (TCP), cholera toxin, accessory colonization factor, and additional virulence genes. ToxR, independent of TcpP and ToxT, inversely regulates the production of the OmpT and OmpU outer membrane porin proteins (3, 6) . ToxR regulation of the OmpU and OmpT porins has been implicated in V. cholerae pathogenicity and bile resistance (27, 28) . This result suggests that regulation of outer membrane permeability may be an important component in the pathogenicity and intrinsic antimicrobial resistance of V. cholerae.
In addition to decreased outer membrane permeability, the intrinsic antimicrobial resistance of many gram-negative bacteria is mediated by the expression of active efflux mechanisms (19) . The combined activity of these two mechanisms functions to decrease the steady-state level of antimicrobial compounds within the cell (19) and thus effect alterations in antimicrobial sensitivity. Several different families of active efflux systems are involved in antimicrobial resistance in gram-negative bacteria (29) . These include members of the resistance nodulation division (RND), major facilitator (MF), and ATP binding cassette (ABC) families (29) . The RND family multiple drug efflux systems are of particular interest because of their unusually broad substrate specificity. Individual RND efflux pumps, such as the Escherichia coli acrAB (18) and Pseudomonas aeruginosa mexAB (26) systems, have been shown to efflux numerous chemically unrelated antimicrobial compounds, including dyes, detergents, and antibiotics.
Common among the gram-negative RND, MF, and ABC transport systems is the requirement for a TolC homologue to function as their outer membrane pore protein (23) . In E. coli, for example, TolC is essential for type I protein secretion (i.e., RTX toxin [1] ), colicin V export (9), multiple drug export (19) , and colicin E1 uptake (22) . The crystal structure for TolC was recently solved (15) . TolC was found to form a channel, composed of an outer membrane-spanning ␤-barrel domain and a periplasm-spanning ␣-helical domain, to the external environment (15) .
Homologues of E. coli TolC have been identified in numerous gram-negative bacteria (23) . Whereas the transport systems in E. coli have evolved to share a single tolC allele as their outer membrane component, individual transport systems in many other bacterial species encode their own cognate TolC homologue. For example, the P. aeruginosa mexAB-oprM (16) , mexCD-oprJ (25) , and mexEF-oprN operons (14) each encode their own cognate outer membrane pore proteins (oprM, oprJ, and oprN, respectively) that are TolC homologues. Similar systems can be found in Helicobacter pylori where each RND system contains a gene encoding a distinct outer membrane protein (2) . In these bacterial species, the functions attributed to TolC in E. coli are not linked to a single tolC allele but are distributed among the various tolC homologues and their cognate transport system.
In this study we sought to identify and characterize the role of the V. cholerae tolC gene in antimicrobial resistance and pathogenesis. Potential tolC candidate genes were identified by TBLASTX search of the V. cholerae genome (13) with E. coli TolC (accession number AAC76071). The results of this search identified five open reading frames (ORFs VC1409, VC1565, VC1606, VC1621, and VC2436) whose translated products possessed amino acid sequence similarity to TolC (Table 1 ). All the identified ORFs were localized on the large chromosome. Amino acid sequence alignments of the translated products of each of the V. cholerae ORFs with E. coli TolC revealed that VC2436 possessed the highest level of sequence similarity to E. coli TolC ( Table 1) .
Analysis of the regions flanking the five V. cholerae ORFs suggested that four of the five ORFs were linked to potential transport systems. ORFs VC1565 and VC1606 were linked to putative membrane fusion and ATP binding proteins-hallmarks of bacterial transport systems (data not shown). VC1621 was linked to a region of DNA containing strong similarity to RTX family toxin genes (data not shown), and VC1409 was linked to the recently described vceAB efflux system (5). Analysis of the vceAB locus revealed that the DNA regions flanking the vceAB genes, where VC1409 is located in N16961, are required for efflux activity (5) . Based on these results we inferred that VC1409 functions as the outer membrane pore protein for the vceAB efflux system and did not consider VC1409 as a TolC candidate.
Insertion mutations were introduced into each of the remaining four ORFs in V. cholerae N16961Sm. Approximately 500-bp internal DNA fragments of each putative V. cholerae tolC homologue were amplified by PCR from genomic DNA of N16961Sm using the following PCR primer pairs (5Ј 224 3Ј): VC1565F (TGG CCC AAC TTG AAC GTA ACC) and VC1565R (GTT TCG TTG ATC GCC GTC TT), VC1606F (AGT GTT GGC CAA AGA GGT GC) and VC1606R (GGA ATA TTC ACA CCA ACG CCA), VC1621F (CAG CAT ATC GTG CAT CGA GG) and VC1621R (GTG GGT CAA GAA CCT GTG AGC), and VC2436F (CCA TCA CGT CTT GCT CAC TCA) and VC2436R (GCA CGT GAC AAC ATT TCG CT). The resulting PCR amplification products were cloned into pCR2.1 using the TOPO DNA cloning kit from Invitrogen (Carlsbad, Calif.). The cloned internal fragments were subsequently excised from pCR2.1 with EcoRI and cloned into the EcoRI site of the suicide vector pGP704 (21) to generate pM1565, pM1606, pM1621, and pM2436. These plasmids were then mated into N16961Sm, and exconjugants were selected for resistance to ampicillin and streptomycin. Disruption of each of the specific V. cholerae tolC homologues in selected exconjugants was confirmed by PCR.
We hypothesized that null mutants in V. cholerae would be hypersensitive to multiple antimicrobial agents. Therefore, the resulting insertion mutants were individually analyzed for changes in antimicrobial susceptibility using a disk diffusion assay. To accomplish this, overnight cultures of each V. cholerae strain were independently diluted to approximately 10 4 CFU/ml and individually used to inoculate a lawn of cells onto the surface of Luria-Bertani (LB) agar plates. Paper disks impregnated with various detergents or antibiotics were then placed on the inoculated agar plates. Antibiotic-impregnated disks were used as supplied from the manufacturer (6 mm in diameter; BBL, Cockeysville, Md.). For the detergent-containing disks, paper disks (6 mm in diameter; BBL) were individually impregnated with 6 mg of deoxycholate or 4 mg of bile acids. Subsequently, the plates were incubated at 37°C for 14 to 18 h before zones of bacterial growth inhibition surrounding the paper disks were measured.
The antimicrobial compounds tested were previously shown to be substrates for efflux in E. coli and P. aeruginosa (16, 18) and are the same as those listed in Table 2 . The results of these experiments revealed that mutation of VC2436 resulted in hypersensitivity to detergents and antibiotics while strains containing mutations in ORFs VC1565, VC1606, and VC1621 were unaffected in their susceptibility to any of these antimicrobial compounds (data not shown). Based on these results plus the sequence similarity of VC2436 to E. coli tolC and the complementation results (see below), we conclude that VC2436 encodes V. cholerae tolC and hereafter refer to VC2436 as tolC.
Sequence analysis revealed that V. cholerae tolC encoded a 438-amino acid protein with a calculated molecular mass of 47.7 kDa. This protein is similar in size to E. coli TolC, which is composed of 495 amino acids and has a calculated molecular mass of 53.9 kDa. As for TolC homologues from other bacterial species, a general secretory pathway-dependent signal sequence was present (SignalIP probability of 1.00) with a predicted cleavage site located between amino acids 22 and 23 (SignalIP probability of 0.998).
During the course of the above experiments, we noticed that the tolC insertion mutant, in contrast to the other mutants, spontaneously lost the integrated plasmid at a high frequency. Correlated with plasmid loss was a reversion to wild-type deoxycholate resistance (data not shown). We therefore decided to construct a stable in-frame deletion of tolC for further analysis.
V. cholerae N16961Sm-⌬tolC was constructed by crossover PCR as follows. Oligonucleotide PCR primer pairs ⌬tolC-F1/ ⌬tolC-R2 and ⌬tolC-F2/⌬tolC-R1 (5Ј 224 3Ј: ⌬tolC-F1, GCA GGC AGC AGA GCA TTC A; ⌬tolC-F2, TAG GAC CGA TGG ATG TCA ACG CAG GCC TA; ⌬tolC-R1, GAC TTT GAA CGC TAT CGT G; and ⌬tolC-R2, GTT GAC ATC CAT CGG TCC TAT TCC TGA CG) were used in separate PCR amplifications with N16961Sm chromosomal DNA as a template. The resulting PCR amplification products were purified, and 2 l of each purified amplification product was subsequently used together in a second PCR (without added oligonucleotide PCR primers). A 2-l aliquot of the second PCR amplification mixture was then used as the template in a third PCR amplification with use of the flanking ⌬tolC-F1/⌬tolC-R1 oligonucleotide PCR primers. The PCR amplification product resulting from the third PCR amplification was cloned into pCR2.1 as described above. The cloned fragment was then collected from pCR2.1 as an EcoRI fragment and cloned into the EcoRI site of pWM91 (20) . The pWM91-based plasmid was subsequently mated to N16961Sm, and exconjugants were selected for resistance to ampicillin and streptomycin. Several clones were subsequently patched onto LB agar and allowed to grow for 3 days, after which the colonies were resuspended in water and plated onto LB-no salt agar containing 5% sucrose to select for excision of the integrated plasmid. Several sucrose-resistant colonies were selected and screened by PCR for deletion of tolC using the ⌬tolC-F1/⌬tolC-R1 oligonucleotide PCR primers. Analysis of N16961Sm-⌬tolC by the disk diffusion assay confirmed our initial results obtained with the tolC insertion mutant. Interestingly, N16961Sm-⌬tolC was extremely sensitive to bile acids (Table 2 ). N16961Sm-⌬tolC also showed elevated sensitivity to the hydrophobic antibiotics erythromycin and novobiocin, but not to chloramphenicol, nalidixic acid, or tetracycline (Table 2) ; these antibiotics are common substrates for tolC-dependent efflux systems in other bacteria.
Bile resistance is likely to be an important adaptation for intestinal colonization (28) . Bile is a detergent-like substance whose primary antimicrobial constituents consist of the detergents cholate and deoxycholate (32) . Bile is secreted into the small intestines and functions to solubilize ingested dietary lipids (32) . The concentrations of cholate and deoxycholate in the proximal duodenum have been reported to be in excess of 20 mM (7, 12) . Analysis of N16961Sm-⌬tolC revealed that the in vitro N16961Sm-⌬tolC mean bactericidal concentration for bile was less than the reported in vivo bile concentration in the small intestine (Table 3 ). This observation may explain the colonization defect of the tolC mutant (see below).
We tested whether ectopic expression of V. cholerae ⌬tolC could complement both an E. coli tolC mutant and N16961-⌬tolC to the wild-type level of deoxycholate resistance. V. cholerae tolC was cloned into the arabinose-inducible pBAD18 expression vector (11) as follows. Oligonucleotide PCR primers tolCF-NheI and tolCR-SphI (5Ј 224 3Ј: tolCF-NheI, CCG CTA GCA TCA CGT CAG GAA TAG G, and tolCR-SphI, TTG CAT GCA GCT CAA AAG AGA TGG) were used to amplify tolC from N16961Sm chromosomal DNA. The resulting PCR product was digested with NheI and SphI restriction endonucleases and cloned into similarly digested pBAD18 to generate pBAD-tolC. pBAD-tolC was then electroporated into N16961Sm-⌬tolC and E. coli AG100(tolC). The resulting strains were subsequently analyzed for changes in antimicrobial susceptibility by the disk diffusion assay. The disk diffusion assays were performed as described above except for the presence of ampicillin to maintain the plasmid and either no arabinose or 0.2% arabinose for regulating expression from the arabinose promoter.
In N16961Sm-⌬tolC and E. coli AG100(tolC), ectopic expression of tolC from the arabinose promoter (in the presence of 0.2% arabinose) in pBAD-tolC complemented these strains to wild-type levels of deoxycholate resistance. This result supports the hypothesis that the antimicrobial hypersensitivity phenotype of N16961Sm-⌬tolC resulted from the mutation of tolC and that the V. cholerae tolC is functionally equivalent to E. coli tolC.
Salmonella enterica serovar Enteritidis tolC mutants have elevated sensitivity to the bactericidal effects of human serum (30, 33) . Therefore, we tested whether N16961Sm-⌬tolC was altered in its susceptibility to human serum. Overnight cultures of N16961Sm and N16961Sm-⌬tolC were used to separately inoculate 5 ml of fresh LB broth (1:100 dilution), which was then incubated with shaking at 37°C for 3 h (late logarithmic phase). Then, 1-ml aliquots of each strain were removed, and the cells were collected by centrifugation, washed twice in phosphate-buffered saline (PBS), and suspended in 0.5 ml of PBS. One hundred microliters of each washed and diluted strain was then individually mixed with either 100 l of human serum or 100 l of PBS. The tubes were then placed on a rotary shaker at 37°C for 90 min, and aliquots from each reaction were serially diluted and plated onto LB agar for enumeration. Separate incubation of N16961Sm and N16961Sm-⌬tolC with human serum resulted in an identical 5-log reduction in the number of recovered cells for each strain; this finding suggests that there is no alteration in serum sensitivity associated with mutation of tolC.
The V. cholerae RTX locus lacks a TolC homologue for transport of the RtxA cytotoxin across the outer membrane (17) . Therefore, we tested whether any of the insertion mutants constructed for this study failed to secrete the RtxA cytotoxin. Cytotoxicity assays were performed as previously described (8, 17) . Separate coincubation of HEp-2 cells with each of the four V. cholerae mutants revealed that mutation of tolC (VC2436) abolished in vitro cytotoxic activity (Fig. 1) , while mutations in ORF VC1565, VC1606, or VC1621 had no on October 14, 2017 by guest http://iai.asm.org/ effect on production of cytotoxic activity (data not shown). This observation suggests that tolC is required for RTX secretion and that there is little or no functional complementation among the remaining TolC homologues for RTX secretion. The role of tolC in colonization was determined by a growth competition assay in the infant mouse small intestine colonization model (4) . These experiments compared the in vivo growth phenotype of strains N16961Sm-⌬lacZ (wild type), N16961Sm-⌬rtxA, and N16961Sm-⌬tolC. Approximately 1.6 ϫ 10 5 CFU each of strains N16961Sm-⌬tolC or N16961Sm-⌬rtxA plus N16961Sm-⌬lacZ were inoculated intragastrically into infant mice (input ratio of 1:1). Following 24 h of growth in the mice, we were unable to recover any N16961Sm-⌬tolC clones while recovering an average of 6.7 ϫ 10 5 CFU/mouse of strain N16961Sm-⌬lacZ (total of five mice; standard deviation ϭ 3.25 ϫ 10 5 CFU). In contrast, N16961Sm-⌬rtxA was unaffected in its ability to colonize. The in vivo attenuated growth phenotype of strain N16961Sm-⌬tolC was not observed in vitro. When N16961Sm-⌬tolC and N16961Sm-⌬lacZ were separately inoculated in vitro into LB broth their growth rates were identical (data not shown). When the two strains were inoculated together in an in vitro competition assay, N16961Sm-⌬lacZ grew slightly better than N16961Sm-⌬tolC (data not shown).
One possible explanation for the observed in vivo competition results is that tolC is required for production of TCP, an essential colonization factor (34) . Therefore TCP-specific transduction assays were used to test for alterations in TCP production in a tolC-negative background. Since only classical strains of V. cholerae produce TCP under normal laboratory conditions (growth in LB broth at pH 6.5 and 30°C), a tolC insertion mutation was introduced into the classical V. cholerae O395 strain by integration of pM2436 into the O395 tolC locus to generate strain O395-tolC. Phage transduction was carried out as described previously (35) and revealed that the transduction frequency for O395-tolC was identical to its parent strain (data not shown). This finding suggests that the tolC mutation has no effect on TCP production in vitro. Further supporting this finding, the TCP-dependent phenotype of autoagglutination was observed for O395-tolC under conditions optimal for TCP production.
The role of tolC in bacterial pathogenesis is not well understood. N16961Sm-⌬tolC was highly attenuated in in vivo growth competition assays. Although the growth of N16961Sm-⌬tolC was slightly attenuated in in vitro growth competition experiments, the in vitro growth deficiency was not sufficient to explain the large in vivo growth deficiency. Two possibilities that we have ruled out are the effects of the tolC mutation on RtxA secretion and TCP production. An alternative hypothesis is that the extreme bile acid sensitivity of N16961Sm-⌬tolC is responsible for the in vivo growth deficiency.
We hypothesize that ingested N16961Sm-⌬tolC encounters bile acid concentrations in the duodenum that are growth inhibitory and probably bactericidal. To test this hypothesis we compared the relative growth rates of N16961Sm-⌬tolC and its isogenic parent strain in various concentrations of bile acids (Fig. 2) . This analysis revealed that the growth rate of N16961Sm-⌬tolC is dramatically reduced at bile acid concentrations as low as Ͻ0.02% (Ϸ0.5 mM) (Fig. 2) . This result supports our hypothesis and suggests that it is unlikely that N16961Sm-⌬tolC could tolerate the endogenous concentration of bile acids in the small intestine.
The most likely mechanism by which TolC effects antimicrobial resistance (e.g., bile resistance) is mediated by members of the RND family of bacterial efflux systems (19) . A cursory examination of the V. cholerae genome revealed the presence of six RND family efflux systems (data not shown). Interestingly, there were no TolC homologues linked to the RND efflux systems (nor were there any other linked ORFs resembling outer membrane proteins). Our results are consistent with the hypothesis that one or more of these RND efflux systems function as an antimicrobial efflux pump with tolC functioning as its cognate outer membrane channel.
This report adds to the accumulating data that suggest that bile resistance is an important virulence determinant in V. cholerae. This finding is evidenced by the overlapping mechanisms involved in bile resistance (e.g., the vceAB efflux system [5] , the OmpT/OmpU porins [27, 28] , and the work presented here) and the observation that bile is an effector molecule for the induction of ToxR (10) and a modulator of toxT activity (31) .
Although the data presented here support our conclusions for the in vivo role of tolC in bile resistance and colonization, we cannot rule out the possibility that the tolC mutation results in other alterations that affect colonization, such as the production of other unknown adhesins, toxins, or other proteins important for colonization.
Considering the pleiotropic nature of the tolC mutant, assigning specific functional roles to tolC will require further studies aimed at identifying individual TolC-dependent transport systems and determining their contribution to the in vitro antimicrobial resistance and in vivo colonization phenotype of V. cholerae. Likely candidates for further analysis include genes encoding the V. cholerae RND, MF efflux systems, and ABC transporters. J.E.B. thanks B. Guo for help with the mouse experiments, K. Fullner for help with the RTX assays and for providing the in vivo data for V. cholerae-⌬rtxA, C. Walchle for help in constructing V. cholerae⌬rtxA, and the many members of the Mekalanos laboratory for their helpful suggestions and critical reading of the manuscript.
